I. INTRODUCTION

T HE SCHEMATIC diagram in
is of a two-stage, transformer-coupled LC (i.e., TCLC) vector inversion generator that originated in the former Soviet Union (i.e., FSU) [1] and has been investigated by several authors in the United States [2] - [7] . The TCLC is similar to the Marx-type generator and the LC vector inversion generator, but has the unique feature that only one inversion switch is needed, independent of the number of voltage multiplication stages. This feature is a direct result of the transformer coupling among stages. Marx generators, in comparison, require an inversion switch for each voltage multiplication stage, whereas conventional LC vector inversion generators require a switch for every other voltage multiplication stage. The disadvantage of using transformer coupling among stages is the increase in the generator size and weight.
This investigation discusses the advantages and disadvantages of the TCLC and develops scaling relationships for the size of the transformer core needed. In brief, the TCLC requires closely coupled (i.e., ), 1 : 1 pulse transformers for it to have high-voltage multiplication efficiency [2] - [7] . The efficiency can be increased by either increasing the transformer coupling or by using resonant frequency compensation in the inverting stages [3] .
II. THEORETICAL BACKGROUND
The ideal two-stage TCLC generator illustrated in Fig. 1 consists of two energy storage capacitors, a 1 : 1 pulse transformer, and an inversion switch. The generator output voltage is the sum of the voltages across capacitors and . Before inversion, the capacitors are charged through the pulse transformer with a DC power supply. At some time , the inversion switch is closed to produce an output pulse. With and , the frequency domain voltage across is given by the fourth-order polynomial in as (1) An exact inverse transform of (1) small . This is commonly referred to as the "initial value" theorem in most systems theory texts [8] . Therefore, retaining the lower order terms and the constant terms in (1), for small is approximated by (2) The inverse transform of (2) is easily found and given as (3) For transformer coupling near 1, (3) becomes (4) Proceeding in a similar manner, the frequency domain voltage across is given by the fourth-order polynomial in as
An exact inverse transform of (5) is difficult to find, as was the case for (1) . In this case, however, the voltage of the inverting stage is expected to change rapidly with time. The high-frequency components of can be found from the limit of for large . This is commonly referred to as the "final value" theorem in most systems theory texts [8] . Therefore, retaining the higher order terms in (5), for large is approximated by (6) Inverse transforming (6) yields (7) Substituting , (7) may be expressed as (8) For transformer coupling close to 1, (8) can be approximated by the expression (9) The results expressed by (4) and (9) can be used to form a qualitative picture of the TCLCs inversion behavior. The frequency of oscillation in (4) is much lower than the frequency of oscillation given in (9) . The capacitor can therefore be thought of as the "noninverting" stage. It discharges through the primary of the transformer and the inversion switch with the effective inductance being the self-inductance of the transformer. The capacitor, on the other hand, can be thought of as the "inverting" stage discharging through the primary self-inductance of the transformer, the inversion switch, and the secondary of the transformer. For closely coupled transformers, the effective inductance in the discharge path is the leakage inductance of the transformer. It is to be noted that (5) states the output of the inverting stage is zero if the transformer coupling is identically one. Theoretically, the load impedance of the inverting stage (i.e., the transformer leakage inductance) is identically zero and can have no voltage impressed across it. In practical terms, the transformer can never have 100% coupling.
To produce higher output voltages, a multistage TCLC generator can be constructed by adding more stages to the device. Fig. 2 illustrates the addition of two stages to form a four-stage TCLC. Although multistage TCLCs are difficult to analyze analytically and will be the subject of future investigations, the qualitative picture developed above for the operation of the twostage TCLC remains valid for the multistage TCLC. In this sense, the odd-numbered capacitors in the circuit of Fig. 2 form the noninverting stages, whereas the even-numbered capacitors form the inverting stages.
Because the even-numbered, inverting stages in the circuit of Fig. 2 have effective inductances that are multiples of the transformer leakage inductance, the resonant frequencies for these stages are approximately given as (10) where and is the number of even-numbered stages. Likewise, because the generator is symmetric, is also the number of odd-numbered stages. The odd-numbered, noninverting stages in the circuit of Fig. 2 have effective inductances that are the sum of the transformer self-inductance and multiples of the transformer leakage inductance. The resonant frequencies for these stages are approximately given as (11) It can be seen from (10) and (11) that as the number of stages becomes larger than 2, the stages of the TCLC do not simultaneously invert creating a problem in the efficiency of voltage mul- tiplication. In practice, the authors have found that constructing TCLCs of more than 20 stages does little to increase the output voltage.
The maximum output voltage is strongly dependent on the load impedance and the number of TCLC stages. Operating into an open circuit, the maximum theoretical output voltage of the ideal (i.e., lossless) two-stage TCLC is given as . The addition of more stages and the inclusion of losses significantly reduce the efficiency to the 60%-70% range for 20-stage TCLCs. The TCLC also does not operate efficiently when directly connected into low impedance loads [3] . The addition of an output switch, shown in Fig. 2 , serves to isolate low impedance loads from the generator until inversion is complete. The output switch also serves to decrease, or sharpen, the output pulse rise-time. The output switch is closed at time , where is the time delay required for the TCLC to invert.
In the authors' opinion, the most critical TCLC component is the 1 : 1 pulse transformer, which must have a high degree of coupling (i.e., 95%) for the TCLC to operate efficiently and have high insulation strength between the windings. Ferrite core transformers with bifilar windings have been found to have good coupling (i.e., 98%) and work well for this application. Ferrite cores, however, are prone to saturation. One method used to reduce saturation in the transformer core is the addition of a small air gap. By splitting the core in half and placing it back together, a factor of 2 to 3 in saturation resistance can be gained. Although it is noted that air core transformers do not suffer from saturation, their coupling values are typically too low (i.e., 85%) for TCLC applications. Scaling relationships can be derived for the size of the transformer core needed as a function of the output pulse. Using Faraday's law, it is easy to show that saturation in the transformer core will not occur if (12) where can be either the transformer primary or secondary terminal voltage. Equation (12) clearly shows that for a fixed turns ratio, long-duration output pulses require large transformer core cross-sectional areas.
III. EXPERIMENTAL RESULTS
The authors have designed, constructed, and tested many TCLCs in the laboratory. Table I summarizes the operating parameters of three of these TCLC pulse generators. The complicated circuit topology of the TCLC and the nonlinearity of the transformer cores mandate the use of computer models to study its operation in detail. Many computer models have been constructed [9] to simulate the operation of the TCLC. Fig. 3 illustrates the experimentally measured and theoretical generator output from the TCLC-3 generator of Table I . The TCLC-3 generator was operated into an open-circuit when the data illustrated in Fig. 3 were measured.
Great care must be exercised when modeling the TCLC generator if the simulated results are to agree with the measured results. Generally speaking, the simulated results are in reason- able agreement with parameters taken from the manufacturer's data sheet. However, if the transformer core properties, e.g., permeability, core loss, saturation point, have significant variations over the lot, or air gaps have been introduced into the core, then significant differences can be expected between simulated and measured results. It is usually good practice to measure the properties of each transformer to determine the variation of the lot.
IV. SUMMARY AND CONCLUSION
The TCLC presented in this investigation is a unique pulse generator requiring only one inversion switch, independent of the number of stages. The use of one inversion switch ensures reliable functioning of the generator but comes at the cost of decreased efficiency (i.e., 67%) because inversion in the stages is not in phase when is greater than 2. The TCLC operates best using high impedance loads. An output switch can be added to the generator for operation into low impedance loads and serves to decrease the pulse rise-time. Compared with the Marx generator, the TCLC does not require large interstage isolation resistors and, therefore, can be quickly charged, making it well suited for some high repetition rate applications. The TCLC is also not well suited for high-energy pulse production because the transformer must be large enough in these cases to prevent magnetic saturation in its core. The simplicity and reliability of the TCLC makes it an ideal pulse generator for general applications. Future investigations will be directed toward developing analytical techniques that describe the output voltage and voltage multiplication efficiency of multistage TCLC generators with and without losses. Investigations of generator performance using solid-state inversion switches will also be performed.
